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Objective: To quantify the changes in regional dynamic loading patterns on tibial articular cartilage
during simulated walking following medial meniscectomy and meniscal transplantation.
Methods: Seven fresh frozen human cadaveric knees were tested under multidirectional loads mimicking
the activity of walking, while the contact stresses on the tibial plateau were synchronously recorded
using an electronic sensor. Each knee was tested for three conditions: intact meniscus, medial menis-
cectomy, and meniscal transplantation. The loading proﬁles at different locations were assessed and
common loading patterns were identiﬁed at different sites of the tibial plateau using an established
numerical algorithm.
Results: Three regional patterns were found on the tibial plateau of intact knees. Following medial
meniscectomy, the area of the ﬁrst pattern which was located at the posterior aspect of the medial
plateau was signiﬁcantly reduced, while the magnitude of peak load was signiﬁcantly increased by 120%.
The second pattern which was located at the central-posterior aspects of the lateral plateau shifted
anteriorly and laterally without changing its magnitude. The third pattern in the cartilage-to-cartilage
contact region of the medial plateau was absent following meniscectomy. Meniscal transplantation
largely restored the ﬁrst pattern, but it did not restore the other two patterns.
Conclusion: There are site-dependent changes in regional loading patterns on both the medial and lateral
tibial plateau following medial meniscectomy. Even when a meniscal autograft is used where the ge-
ometry and material properties are kept constant, the only region in which the loading pattern is
restored is at posterior aspect of the medial plateau.
© 2014 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.Introduction
Over one million meniscal surgeries are performed annually in
the United States1, making it one of the most commonly performed
orthopaedic procedures. For severe tears or degenerated menisci,
total meniscectomy was historically performed2, following which: S.A. Maher, Department of
t 70th Street, New York, NY
ternational. Published by Elsevier Lprogressive cartilage loss and eventual joint degeneration was
seen3e5. It has been postulated that cartilage damage after total
meniscectomy was caused in part by alterations in joint mechanics,
speciﬁcally increased contact stresses, decreased contact area, and
decreased joint stability6e9. The early onset of degenerative
changes in the ipsilateral knee compartment following meniscec-
tomy is also felt to be due to alterations in contact location,
resulting in cartilage regions being subjected to loads that they are
not accustomed to10. Meniscal allograft transplantation (MAT) is
intended to restore ‘normal’ pre-injury mechanics to knees with
deﬁcient menisci2e i.e., to distribute loads across articular cartilage
and restore joint stability. While it has been shown in previoustd. All rights reserved.
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mechanics to that of the intact knee11e13, exactly how the subtle
change in joint mechanics affects the long-term health of articular
cartilage remains unknown.
We have previously developed a dynamic knee simulator which
can apply synchronous multidirectional joint forces to mimic the
activity of walking on human knees14. In tests conducted on a series
of 12 human cadaveric knees, we identiﬁed commonly occurring
dynamic loading patterns on speciﬁc regions of tibial articular
cartilage, regardless of knee-to-knee variability15. If we could
characterize how these loading patterns change in meniscectom-
ized knee and then in the meniscal transplanted knee, the quan-
titative loading patterns could be used as inputs to bioreactors, so
that the response of articular cartilage to such physiological loading
patterns, and changes in those patterns, can be better understood.
The objective of this study was to quantify the regional dynamic
loading patterns on tibial articular cartilage in the medial menis-
cectomized and meniscal transplanted knees. It was hypothesized
that: (1) after medial meniscectomy, there will be a pronounced
change in the commonly occurring knee-independent but region-
ally dependent loading patterns, and (2) meniscal transplantation
will fully restore the commonly occurring loading patterns to that
of the intact joint.
Material and methods
For this study, we retrospectively analyzed contact mechanics
data that were generated from seven fresh frozen human cadaveric
knees, subjected to loads that mimic the activity of walking; the
knees were tested in the intact, medial meniscectomized and
medial meniscal transplanted conditions13. For the total meniscal
transplantation condition, we selected bone plug suture ﬁxation
since it has been previously shown that it restores joint contactFig. 1. Experiment setup. (A) The femur and tibia were potted into ﬁxtures with PMMA bone
was applied on the femur, while the varus/valgus rotation and superior/inferior translation w
posterior force, axial force and internal/external torque to mimic the dynamic multidirection
time using a Tekscan sensor.mechanics closest to that of the intact knee vs the suture-only
ﬁxation condition. Brieﬂy, the specimens were mounted to a
modiﬁed load-controlled Stanmore Knee Simulator (University
College London, Middlesex, UK) after stripping the surrounding soft
tissue (fat, musculature) [Fig. 1(A)]. Each knee was subjected to a
prescribed, simultaneously controlled cyclic femoral ﬂexion/
extension angle and axial force, anterioreposterior force and in-
ternal/external torque applied to the tibia to mimic the activity of
walking [Fig. 1(B)]15e17. Contact stresses normal to the tibial plateau
surface were recorded in real-time (100 Hz) using a thin electronic
sensor (model: 4010N, Tekscan Inc., MA), Fig. 1(C), which was
inserted under both menisci of the medial and lateral plateau.
Plastic tabs were place along the edges of the Tekscan sensors to
allow for suture ﬁxation. Tegaderm™ (3M, St. Paul, MN) adhesive
ﬁlmwas then placed on the top and bottom surface of each Tekscan
sensor. Approximately 1 cm incisions were made in the menisco-
tibial ligaments and joint capsule anteriorly and posteriorly of both
menisci. The sensor was curled at its edges and passed underneath
the menisci from anterior to posterior by pulling the posterior tab
via a posterior incision with minimal disruption of the menisco-
capsular attachments. After adjusting its position, the tabs were
sutured in place using 3-0 Ethibond sutures which attached to the
tibial insertion of the anterior cruciate ligament (ACL) and the
posteroinferior capsule.13,18
Contact forces applied to each individual sensel across the tibial
plateau throughout simulated gait were recorded for three condi-
tions (Fig. 2): (1) intact, (2) meniscectomy, where the medial
meniscus was resected with bone plugs en-bloc, and (3) meniscal
transplantation, where the bone plugs of the medial meniscus were
reduced back to their respective insertions. In order to minimize
the factor of graft size, geometry and material properties, a
‘remove-replace’ method was performed where the native medial
meniscus was excised out of the knee in its entirety, and then ﬁxedcement. The forces and torque were applied on the tibia, and the ﬂexion and extension
ere not controlled. (B) The knee simulator applies ﬂexion/extension rotation, anterior/
al loads during gait. (C) The contact stresses on the tibial plateaus were collected in real-
Fig. 2. Schematic diagrams of three conditions tested: (A) intact, (B) medial meniscectomy, (C) medial meniscal transplantation using a “remove and replace” autograft with bone-
plug ﬁxation.
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clinically. First, the medial meniscus was circumferentially released
at the meniscocapsular junction using a number-15 blade. The
anterior and posterior horn attachment sites were then osteo-
tomized to preserve bone plugs. Second, the removed meniscus
was prepared by placing number ﬁve Ethibond sutures through a
2.7 mm tunnel through the center of each bone plug and a separate
set of sutures through the anterior and posterior horns of the
meniscus using a modiﬁed-Kessler conﬁguration. Then, the bone
plugs were reduced back to their respective insertions using the
bone plug sutures. In addition, the meniscus was repaired back to
the capsule using 2-0 Ethibond sutures placed in horizontal
mattress conﬁguration spaced evenly into the anterior horn, body
and posterior horn of the meniscus13. To avoid damaging the sensor
during manipulation of the joint, the sensor was removed and then
replaced in between conditions. A custom scribe was used to check
the position of the Tekscan to make sure it was placed consistently
for each condition.15
For each specimen and each test condition, the raw contact
stress data from each individual sensel across the tibial plateau was
low-pass ﬁltered (Fourth order zero-lag low-pass Butterworth)
with a cut-off frequency of 6 Hz to remove high-frequency noises.
Within each condition (intact, meniscectomy or transplantation),
the common loading patterns were determined using a Normalized
Cross Correlation (NCC) algorithm following a published protocol15.
Brieﬂy, the process consists of two steps (Fig. 3): the ﬁrst step is to
ﬁnd regional loading patterns within each knee (Step 1); the second
step is to determine common loading patterns across knees (Step
2). For Step 1, the loading proﬁle at each sensel across the tibial
plateau of each knee was compared using NCC e a metric of sim-
ilarity between two proﬁles (0  NCC  1, 0-no match, 1-identical),
and only those with NCC greater than a pre-selected threshold
(0.93) were selected. The average loading proﬁles of sensels withFig. 3. Flowchart showing our method of determining common loading patterns be-
tween different knees. NCC e normalized cross correlation.NCC greater than the threshold were calculated as the knee speciﬁc
regional loading pattern. For Step 2, the common loading patterns
between knees were identiﬁed by combining proﬁles shared by a
majority (75%) of the knees. A customwritten program (MATLAB,
MathWorks Inc., Natick, MA) was used for data analysis15. After
these two steps, a distribution map of the common loading proﬁles
(Fig. 4) was created for the intact, meniscectomized and meniscal
transplanted conditions.
For statistical analysis, the peak loads of each pattern and the
area over which the pattern occurred were compared between
intact, meniscectomized, and MAT conditions using the Krus-
kaleWallis test. For the KruskaleWallis test with a signiﬁcant sta-
tistic, post hoc analysis was performed by using the Dunn multiple
comparison test. The level of signiﬁcance was set at P < 0.05.Results
Three common regional loading patterns were found for the
intact condition [Fig. 4(A)]. The ﬁrst pattern was located at the
posterior aspect of the medial plateau (pattern-1). Pattern-1 con-
sisted of a single peak at 14% of the gait cycle with an average
magnitude of 1.30 ± 0.75 MPa (mean ± standard deviation).
Another pattern was found in central-posterior aspect of the lateral
plateau (pattern-2). Pattern-2 had two peaks which occurred at 14%
and 45% of the gait cycle; the magnitudes of the ﬁrst and second
peaks were 2.2 ± 0.71 MPa and 2.55 ± 0.85 MPa, respectively.
Finally, a third pattern was found at the anterior aspect of the
cartilage-to-cartilage contact region of the medial plateau (pattern-
3), consisting of two peaks with the second peak (3.69 ± 0.92 MPa)
signiﬁcantly higher (P < 0.01) than the ﬁrst peak (2.05 ± 0.57 MPa).
Following medial meniscectomy, the area in which pattern-1
occurred was signiﬁcantly reduced (intact 126.3 ± 92.8 mm2,
meniscectomy 32.7 ± 30.1 mm2, P < 0.01, Fig. 5), but the magnitude
of the peak contact stress was signiﬁcantly increased to
2.85 ± 1.11 MPa (P < 0.01, Fig. 4(B)). Pattern-3 at the anterior aspect
of the cartilage-to-cartilage contact region of the medial tibial
plateau was absent completely. On the lateral plateau, pattern-2
shifted anteriorly and laterally to the external regionwhile both the
magnitudes and the pattern area remained unchanged.
Following meniscal transplantation, the area over which
pattern-1 occurredwas increased to a level close to that of the intact
condition (intact 126.3 ± 92.8 mm2, transplanted 85.3 ± 69.4 mm2,
P > 0.05, Fig. 5). The magnitude of the single peak was
1.02 ± 0.71 MPa, which was slightly lower than that of the intact
condition (P > 0.05, Fig. 4(C)). No further change was found in the
location or proﬁle magnitude of pattern-2 compared to the
meniscectomy condition; however, a new commonly occurring
Fig. 4. The pattern distribution maps and loading proﬁles on the tibial plateau for the intact (A), medial meniscectomy (B), and meniscal transplanted (C) conditions. For the intact
condition, three loading patterns were found. The greyscale color in pattern distribution map represented the number of knees that had the pattern in each area. The right-most
illustration signiﬁed the region in which more than 75% of knees share this type of loading proﬁle. The loading proﬁle represented the weighted average (mean ± SD) of the contact
stress within the pattern region during a gait cycle. The number of knees with each pattern was speciﬁed on the plot (i.e., N ¼ 6). Pattern-3 was absent in both meniscectomy and
meniscal transplanted conditions, while a new pattern (pattern-4) was found in meniscal transplanted condition.
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the lateral tibial plateau. Pattern-4 proﬁle has skewed double peaks
e with the second peak (2.71 ± 1.0 MPa) signiﬁcantly higher than
the ﬁrst (0.83 ± 0.31 MPa) (P < 0.01).
Discussion
By way of a dynamic cadaveric test that mimics the activity of
walking, we quantiﬁed the regional loading patterns on the tibial
plateau in the medial meniscectomized and medial meniscaltransplanted knee. For meniscectomized knees, we found signiﬁ-
cantly changes in the location and magnitude of loading proﬁles
that commonly occur in intact knees, leading us to accept our ﬁrst
hypothesis. Upon meniscal transplantation, the commonly occur-
ring loading proﬁles of the intact knee were not fully restored,
leading us to reject our second hypothesis.
The effect of meniscectomy and MATon joint contact mechanics
has been extensively studied in static and quasi-static mod-
els11,19e22 and more recently in dynamic23 and physiological
cadaveric models13,24. Each study has quantiﬁed reduced contact
Fig. 5. The area (mean ± 95% conﬁdence interval) of the region for each individual
loading pattern for all three conditions. The area of pattern-1 was signiﬁcantly reduced
(zP < 0.05) at meniscectomy condition, while no signiﬁcant change was observed in
the area of pattern-2. After meniscal transplantation, the area of pattern-1 was
signiﬁcantly increased (*P < 0.05), but still slightly smaller than the intact condition.
The number of knees (N) with each pattern was shown in. Fig. 4.
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meniscectomized knee, and recently medial meniscectomy
changes in contact mechanics have been localized to occur in the
early-to-mid phase of stance13,24. But, it remains unclear how
changes in joint contact forces affect the health of the articular
cartilage. It has been hypothesized that as joint contact mechanics
change, chondrocytes cannot adapt to the alteration in forces. To
explore this hypothesis, the effect of a single injurious compression
at a high strain rate25,26 or dynamic cyclic compressive loading has
been investigated using in vitro tests27. According to these studies,
cartilage explants subjected to high load magnitudes and high
strain rates exhibited a decrease in cell viability, decrease in
biosynthesis of extracellular matrix, increase in chondrocyte
apoptosis and increased level of glycosaminoglycan release. The
effect of cyclic loading on collagen and proteoglycan content has
also been tested in vivo using a rabbit model28. In that study, cyclical
joint loading with moderate magnitude (1e2 MPa) stimulated the
proteoglycan synthesis in deep zone of the articular cartilage. More
recently, Ko et al.29 studied the effect of in vivo cyclic compression
on joint degeneration. It was found that mechanical loading (4.5 N
and 9 N) induced cartilage damage in both young and adult mice,
and the severity of joint damage increased with the duration of the
loading29. However, for these experiments the simpliﬁed loads
applied are not necessarily representative of the loads that articular
cartilage experiences in vivo; thus, the clinical relevance of the data
generated is still unclear.
In the meniscectomized knees, signiﬁcant changes in the
magnitude and location of regional loading patterns were quanti-
ﬁed. At the posterior aspect of the medial plateau, the magnitude of
regional loading proﬁle, pattern-1, was signiﬁcantly increased by
120%. This increased loading magnitude could damage the articular
cartilage in this zone which is thinner compared to that of the
central cartilage-to-cartilage contact region (1.8 ± 0.3 mm vs
2.5 ± 0.6 mm)30. At the anterior aspect of the cartilage-to-cartilage
contact region of the medial plateau, pattern-3 completely dis-
appeared, suggesting the consistent loading within this region
could shift to the different locations in the meniscectomized knees.
This disrupted loading could endanger the cartilage in the adjacent
regions where again, the cartilage is thinner30,31 and considered notto be conditioned to withstand such high loads17. In addition to the
changes in the affected medial compartment, we also found
accompanying changes in the lateral compartment, where pattern-
2 shifted anterior-laterally. This may be due to the increased joint
rotational laxity associated with meniscal deﬁciency32. Although
the loading magnitude was sustained, this shift in location could
also be deleterious to cartilage at the new location, given it is much
thinner than cartilage in the central and posterior regions
(2.1 ± 0.4 mm vs 4.0 ± 0.9 mm and 3.1 ± 0.5 mm)30 where the
loading pattern used to reside.
MAT is the only therapeutic option for total meniscal replace-
ment2, thus we tested the ability of MAT to restore intact knee joint
loading patterns. Indeed, we saw a restored loading pattern at the
posterior aspect of the medial tibial plateau after meniscal trans-
plantation. However, the loading patterns at the other sites were
not restored e which provides a potential explanation to a mod-
erate rate (42% to 75%) of further cartilage degeneration following
MAT according to previous clinical studies33,34. To the best of our
knowledge, no study has investigated the cartilage loss following
meniscal transplantation at a regional level. Thus, to better un-
derstand the clinical relevance of the current ﬁnding of incom-
pletely restored regional loading patterns, the location of continued
cartilage degeneration on the articular surface should be speciﬁed
in future longitudinal study.
Several limitations need to be acknowledged. First, to test the
function of MAT, we performed a “remove-replace” procedure,
which represents a meniscal autograft condition, in which geom-
etry and material properties are maintained, but ﬁxation is not.
While it is unlikely to ﬁnd allograft meniscal tissue with such
perfectly matched properties clinically, in this experimental study
we chose this approach to isolate the effect of ﬁxation technique on
the outcome of the MAT procedure by using the specimens' own
meniscus, thus variation in graft sizing and material properties will
not factor into differences noted in the study. Second, the sample
size is relative small. Third, the knees were driven under the same
load inputs, due to limited demographic information of the donors.
Moreover, sensor degradation due to exposure to an aqueous
environment was not accounted for. However, Jansson et al.35 noted
only a loss in sensor output of 4.6% per hour when exposed to an
aqueous environment. Since the knees are tested in the following
sequence: intact, repairs, and meniscectomized, the increase in
loading seen in the meniscectomy condition can be attributed to
meniscectomy and not due to sensor degradation. Additionally, in
this study a normalized cross-correlation based algorithmwas used
to identify the common loading patterns e this method matches
shapes and not magnitudes of load and therefore is not affected by
sensor degradation.
In summary, all the three loading proﬁles which commonly
occur in intact knees were altered following medial meniscectomy,
and only the proﬁle located at the posterior aspect of the medial
plateau was restored by medial meniscal transplantation. The
ﬁnding of alterations in regional loading patterns on articular
cartilage following meniscectomy and transplantation helps better
understand the effect of the subtle change in joint mechanics on
the long-term health of articular cartilage.Contributions
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